We present the spectral energy distribution (SED) of the pre-planetary nebula, IRAS 19475+3119 (I 19475), from the optical to the far-infrared. We identify emission features due to crystalline silicates in the ISO SWS spectra of the star. We have fitted the SED of I 19475 using a 1-D radiative transfer code, and find that a shell with inner and outer radii of 8.8×10
Introduction
Pre-Planetary nebulae (PPNs), objects in transition between the AGB and planetary nebula (PN) evolutionary phases, hold the key to our understanding of the relationship between these late evolutionary stages of low and intermediate mass (∼ 1 − 8 M ⊙ ) stars.
The hydrodynamic interaction of one or more fast, collimated post-AGB outflows, believed to occur during the PPN phase, with the dense, massive, slowly-expanding spherical AGB wind is believed to be responsible for shaping planetary nebulae (Sahai & Trauger 1998 , Sahai 2002 . Imaging surveys with the Hubble Space Telescope have been crucial in revealing a wide variety of aspherical morphologies in PPNs (e.g. Sahai 2004; Ueta et al. 2000) , however the bulk of the circumstellar mass, which often resides in a spherical, dusty component surrounding the central aspherical nebula, is not well-probed in these data. Thus a crucial ingredient for theoretical studies of such interactions, namely the mass and density of the ambient circumstellar medium (e.g., Lee & Sahai 2003 , 2004 , is lacking for a majority of the PPNs discovered in HST surveys. Although attempts have been made to estimate the mass from submillimeter data (e.g. Gledhill et al. 2002) , these are compromised by the simplifying assumptions about the dust temperature.
The mineralogy of circumstellar dust shells around PPNs became possible with the wavelength coverage and spectral resolution offered by the Infrared Space Observatory (ISO) (see e.g. Hrivnak et al. 2000; Molster et al. 2002a, b, c; Gauba & Parthasarathy 2004 and references therein). In order to understand the grain temperatures, mass-loss history and morphology responsible for the formation of these minerals in the circumstellar environment of PPNs, detailed modelling of the spectral energy distributions (SEDs) of a few PPNs (e.g., HD161796, Hoogzaad et al. 2002; IRAS 16342-3814, Dijkstra et al. 2003a; IRAS 16279-4757, Matsuura et al. 2004; Gauba & Parthasarathy 2004 ) have been undertaken.
In this paper, we examine the composition and distribution of dust in the PPN, IRAS 19475+3119 (hereafter I 19475) and model its SED from the optical to the far-infrared to set constraints on the physical properties of its dust shell (mass, temperature, size). I 19475 is listed as a F3Ia star in the Case-Hamburg luminous stars survey (Stock et al. 1960) . High resolution optical spectra of the star have confirmed its post-AGB nature (Klochkova et al. 2002; Sivarani et al. 2001; Arellano Ferro et al. 2001) . A point-symmetric nebula with an extent of 4.9 ′′ × 3.4 ′′ has been seen in J-band polarized flux images (Gledhill et al. 2001) . CO J=1-0 and 2-1 emission typical of AGB and post-AGB objects was detected from the circumstellar envelope of the star . Hrivnak & Bieging (2005) noticed asymmetry and possible structure in the CO J=2-1 and 4-3 lines. Recent imaging of I 19475 with the Hubble Space Telescope at optical wavelengths reveals a dusty quadrupolar nebula and spherical halo, surrounding the central star (Sahai 2004; Sahai et al. 2006 ).
The rest of the paper is organized as follows. In § 2, we provide observational details of the ISO data, in § 3 we describe the ISO spectra, and the re-construction of I 19475's spectral energy distribution (SED) from these as well as broad-band photometric data, in § 4 we describe our modelling of the SED using a spherical dust radiative transfer code, in § 5 we discuss our models, and in § 6, we present our conclusions.
ISO Observations
Infrared Space Observatory (ISO) observations of I 19475 were extracted from the ISO data archive. These include spectroscopic observations made with the Short Wavelength Spectrometer (SWS) and the Long Wavelength Spectrometer (LWS) and spectrophotometric observations made with the imaging photopolarimeter (ISOPHOT) onboard ISO. An offsource measurement made with the LWS in order to estimate the background was also extracted from the archive. A log of the observations is given in Table 1. ISO SWS spectra have a wavelength coverage of 2.38−45.2 µm. Our spectra were obtained in the low resolution mode (AOT 01) of the SWS instrument (de Graauw et al. 1996) with a 33 ′′ × 20 ′′ aperture. Each SWS spectrum contains 12 subspectra, that each consist of two scans, one in the direction of decreasing wavelength ('up' scan) and the other in the direction of increasing wavelength ('down' scan). There are small regions of overlap in wavelength between the sub-spectra. Each sub-spectrum is recorded by 12 independent detectors. LWS spectra extend from 43−197µm. The LWS observations were obtained in LWS01 mode, covering the full spectral range at a resolution (λ/∆λ) of ∼ 200. The LWS circular field of view had a diameter of 84 ′′ . The ISO LWS instrument and its calibration are described in Clegg et al. (1996) and in Swinyard et al. (1996) respectively.
ISOPHOT observations were carried out using the spectrophotometer subsystem PHT-S. PHT-S consists of two low-resolution grating spectrometers covering the wavelength ranges 2.5−4.9 µm (PHT-SS) and 5.8−11.6 µm (PHT-SL) and having a common entrance aperture of 24 ′′ × 24 ′′ . Each channel has a linear 64-element array of Si:Ga detectors. The spectral band width (FWHM) of a single detector is 0.0383 µm for PHT-SS and 0.0918 µm for PHT-SL, resulting in a mean λ/∆λ of about 95 for both channels. A more detailed description of PHT-S has been given by Klaas et al. (1997) . In the PHT40 observing mode spectrophotometry is performed simultaneously at wavelengths 2.5−4.9 µm and 5.8−11.6 µm. c Speed corresponds to the scan speed of observation.
Analysis
Details of data reduction are described in Appendix A. The reduced SWS, LWS, and PHT-S spectra are shown in Figs.1, 2 & 3 , respectively.
Infrared spectral features
Emission features at 33.6 µm and 43 µm were observed in the SWS spectra (Fig. 1) . The 33.6 µm feature is attributed to forsterite, a crystalline silicate (Waters et al. 1996; Waters & Molster 1999; Gauba & Parthasarathy 2004) . Both pyroxenes (such as enstatite) and water-ice show features at ∼ 43 µm. ISO observations of post-AGB stars have shown that the 43 µm feature is almost always accompanied with a prominent emission feature at 40.5 µm attributed to pyroxenes such as enstatite and/or diopside (Molster et al. 2002b ). The non-detection of the 40.5 µm feature in I 19475 is therefore puzzling, suggesting that pyroxenes are not (or only very weakly) present in this object
The only other post-AGB object which shows a spectrum in the ∼40 µm region similar to that of I 19475, is HD161796 (Molster et al. 2002b) , which, like I 19475, is a high latitude F3Ib post-AGB star with a detached circumstellar dust envelope (Parthasarathy & Pottasch 1986; Hoogzaad et al. 2002) . HD161796 shows a prominent 43 µm feature and a weak 40.5 µm feature -in order to fit these features, Molster et al. (2002c) need a combination of pyroxenes and crystalline water ice, with the latter dominating the ∼40 µm emission complex. This is because in the ∼40 µm region, crystalline water ice contributes a feature only at 43 µm, hence its dominant presence helps to reduce the intensity of the 40.5 µm feature (produced by pyroxene only) relative to the 43 µm one (produced by pyroxene and ice). The presence of crystalline water ice in HD161796 is supported by the prominent 62 µm feature in its LWS spectrum.
Similarly, if the 43 µm feature in I 19475 is due to (or dominated by) crystalline water ice, then one would expect to see a crystalline water-ice feature at ∼ 62 µm. We now examine the possibility that the latter is not seen because it may be much weaker compared to the 43 µm feature if the ice mantles are deposited onto the dust grains at a temperature above 110 K (Smith et al. 1994) , by as much as a factor of 3.1. And in fact, in most PPNs, the continuum-subtracted peak intensity of the 62 µm crystalline water-ice feature when present, is about a factor of ∼3 lower than the 43 µm feature (see e.g. Molster et al. 2002c ). The continuum-subtracted peak intensity of the 43 µm feature in our spectra is 14.4 ± 1.4 Jy (SWS 36100905) and 17.6 ± 0.8 Jy (SWS 52000931) respectively. Hence we would expect the ∼ 62 µm feature in I 19475 to have a peak intensity of about 4.6 Jy; given that the expected width of this feature, both from laboratory and astronomical spectra, is quite large (about 8 µm) this feature should have been detected in our spectra. We conclude that the 62 µm feature is probably not present in I 19475; the identification of the 43 µm emission feature in our spectra as due to crystalline water ice is thus inconclusive.
Unlike crystalline water ice, amorphous water ice produces a single broad feature with a peak at ∼ 46 µm (Smith et al. 1994) . Molster et al. (2002c) suggest that some amorphous water ice may be present in HD161796 in order to explain modest discrepancies between their model and the data in the ∼40 µm wavelength region. However, in I 19475, the 43 µm feature is relatively narrow, with a peak at 42.9 ± 0.04 µm. The sharpness of this feature suggests that it is unlikely that amorphous water ice has a substantial presence in I 19475. However, without detailed modelling of this feature a small contribution from amorphous water ice cannot be ruled out. This is because even if we assume that all ice condenses in crystalline form (requiring extreme conditions in the AGB outflow), UV radiation from the interstellar medium (ISM) can begin to amorphisize the ice (Dijkstra et al. 2003b and references therein).
In the averaged SWS spectrum (Fig. 1c) , a weak emission feature at ∼ 23 µm attributed to crystalline silicates (Molster et al. 2002b ) becomes obvious. An emission feature at 48 µm was detected in the LWS spectrum of I 19475 (Fig. 2) . The 48 µm feature has been observed in several stars (see e.g. Molster et al., 2002b) . Ferrarotti et al. (2000) identified this feature with FeSi. However, this identification remains unconvincing since the formation of FeSi would require an environment where C/O ∼ 1, whereas the 48 µm feature has been observed in several O-rich stars as well (Molster et al. 2002b) . Furthermore, it is as yet not clear if this spectral feature is an artifact in the LWS instrument spectral response function, or a real feature (T. Lim, private communication 2006) . The presence of [CII] emission at 158 µm in both the on-source and off-source spectra, combined with the absence of [OI] at 63 µm in the on-source LWS spectrum (Fig. 2) suggests that the [CII] emission can be attributed entirely to contamination from the ISM (see e.g. Castro-Carrizo et al. 2001 ). 
Spectral energy distribution (SED)
Both SWS spectra of I 19475 show similar flux distributions (Figs.1a and b) . Therefore, for further analysis, the two SWS observations were averaged together after rebinning the Speed 4 data to the resolution of the Speed 1 SWS data (Fig. 1c) . The averaged SWS data were combined with the PHT-S data (Fig. 3 ) and the background subtracted LWS spectrum of the star (Fig. 2c) . The SWS and LWS data showed good agreement in the overlap region. The SWS data below 14 µm and the LWS data beyond 143 µm are noisy (see Appendix A and (Table 4) were estimated using the IRAS Explanatory Supplement. We also retrieved the IRAS low resolution spectrum (LRS) from the University of Calgary database (http://www.iras.ucalgary.ca/∼volk/getlrs plot.html) using the "corrected raw text" option which applies the absolute calibration corrections from Cohen et al. (1992) to the raw IRAS LRS data. The short-wavelength (7.7−13.4 µm) section of the LRS spectrum is very noisy, and has not been included. The full optical-to-far-infrared SED of the star is shown in Fig. 4 . 
Dust Shell Modelling of the SED
We now describe detailed modelling of the SED of I 19475, using the 1-D radiative transfer code, DUSTY (Ivezić et al. 1999) . DUSTY assumes a spherical geometry and supports various analytical forms for the dust density distribution. The input parameters required for the DUSTY code are the dust temperature on the inner shell boundary (T d ), the relative shell thickness (Y = ratio of the outer to the inner shell radius), the optical depth (τ ) at a specified wavelength, the dust grain composition and grain size distribution, and the spectrum of the heating radiation from the central source.
Distance estimates
Although the distance to the source is not a required input for DUSTY, we need it in order to determine the physical size and total mass of the dust shell. Various distance estimates for I 19475 are available in literature. Likkel et al. (1987) used a kinematic distance estimate of 6 kpc. Omont et al. (1993) adopted a luminosity of 10 4 L ⊙ and estimated a distance of 4.8 kpc. Hrivnak & Bieging (2005) estimated a distance of 4.9 kpc to the object, assuming a luminosity of 8300 L ⊙ , appropriate for a core mass of 0.63 M ⊙ (Blocker 1995) -we have adopted their values for the models discussed in this paper.
Reddening
The total extinction towards the star, (E(B−V)=0.41), was estimated from the difference between the observed B−V (= 0.66) value and intrinsic B−V ((B−V) O ) value for the optical spectral type (F3Ia) of the star. For (B−V) O we used a value of +0.25 after interpolating between (B−V) O for a F2Ia and a F5Ia star (Schmidt-Kaler 1982) . Thus, A v =1.3, using R v = 3.1, where, R v = A v /E(B−V) (Rieke & Lebofsky 1985) . Alternatively, using the numerical algorithm provided by Hakkila et al. (1997) , which computes the 3-dimensional visual interstellar extinction and its error from inputs of Galactic longitude and latitude, and distance, from a synthesis of several published studies, we find an interstellar extinction of A V = 1.5 ± 0.5. However, at the low galactic latitude (b = +2.73) of the star, galactic extinction maps (e.g. Schlegel et al. 1998) do not provide very reliable estimates of the interstellar extinction. We have corrected the observed optical and near-infrared magnitudes for an extinction A v =1.3, using the standard extinction laws by Rieke & Lebofsky (1985) .
Stellar model atmosphere parameters
A Kurucz model atmosphere was used as the input stellar spectrum. Several estimates for the effective temperature (T eff ) and gravity (log g) of I 19475 are found in literature: T eff = 7200 K, log g = 0.5 (Klochkova et al. 2002) , T eff = 7750 K, log g = 1.0 (Arellano Ferro et al. 2001 ) and T eff = 7500 K, log g = 0.5 (Sivarani et al. 2001) . In this paper, for the purpose of modelling the SED, we adopted a Kurucz model atmosphere with T eff = 7500 K and log g = 1.0.
Model Fits
In the sections below we discuss the various model fits to the observed data. The input and output parameters corresponding to these models are listed in Table 5 .
The modelled flux density (reddened due to circumstellar dust) is scaled to match the observed flux density in the K-band (2.2 µm) (Garciá-Lario et al. 1997), corrected for the total (interstellar and circumstellar) extinction. Garciá-Lario et al.'s measurement is consistent, within observational uncertainties, with the 2MASS K-band photometry which is fainter by 0.11 magnitudes. The total extinction at the K-band was estimated to be 0.14 magnitudes. For our best fit DUSTY model (discussed later), the circumstellar extinction at the K-band (in optical depth units) is 0.04.
We have chosen to use the 2.2 µm flux rather than, e.g., an optical flux, for scaling the model to the data, in order to minimise the sensitivity of our results to the following two modelling uncertainties. First, we do not have a very reliable estimate for the interstellar extinction, and second, we are using a 1-D model for an object where a significant part of the scattered light contribution at short wavelengths comes from non-spherical components. At 2.2 µm, the wavelength is (i) sufficiently long that the scattered light contribution is small compared to the direct (but extincted) stellar contribution, and the (uncertain) extinction correction is small, and is (ii) sufficiently short, that the dust shell does not contribute significantly via emission (so our scaling is not affected by the dust properties which are to be derived from the model fitting).
Grain types and size distribution
We have selected grain types for our models from the six different grain types whose constants are directly available in DUSTY: "warm" (Sil-Ow) and "cold" (Sil-Oc) silicates from Ossenkopf et al. (1992) , silicates and graphites (Sil-DL and grf-DL) from Draine and Lee (1984) , amorphous carbon (amC-Hn) from Hanner (1988) and SiC (SiC-Pg) from Pégourié) (1988). We find that using silicate grains (Sil-Ow, Sil-Oc, Sil-DL) provide good fits to the SED. The use of silicate grains is also supported by our discovery of silicate features (crystalline forsterite and pyroxenes) in the SWS spectrum of I 19475 (Fig. 1). Fig. 5 shows the modelled fits to the observed SED using Sil-Ow, Sil-Oc and Sil-DL grains. Optical constants of the Sil-DL grains from Draine and Lee (1984) are based on a combination of laboratory measurements and astronomical observations. Optical constants of the warm oxygen-deficient (Sil-Ow) and cool oxygen-rich (Sil-Oc) silicates are based on observational determinations of the opacities of circumstellar and interstellar silicates as well as laboratory data (Ossenkopf et al. 1992) . In estimating the optical constants of Sil-Ow and Sil-Oc, the effects of small spherical inclusions of various materials (oxides, sulfides, carbides, amorphous carbon and metallic iron) upon silicate opacities were taken into account. Fig. 5 shows that using Sil-Oc has the effect of producing slightly higher flux at ∼ 18 − 25µm. Sil-Ow grains appear to provide the best possible fit to the SED from the near to the far-infrared. We therefore adopted Sil-Ow for the purpose of modelling.
The standard Mathis, Rumpl, Nordsieck (MRN) (Mathis et al. 1977) power law was assumed for the grain size distribution, i.e., n(a) ∝ a −q for a min ≤a max with q = 3.5, a min = 0.005 µm and a max = 0.25 µm. Table 5 ). The meanings of the symbols are as in Fig. 4 . The PHT-S, SWS and LWS spectra are shown as solid curves.
Density distribution
We tried two power laws, r −2 and r −3 , for the density distribution. The best fits in the case of the r −2 power law for Y of 5, 10 and 15 are shown in Fig. 6 . Using the r −2 power law, we find that even with Y as small as 5, the modelled flux systematically exceeds the LWS flux beyond ∼70 µm. Adopting an r −3 density distribution and Y = 5, produces a good fit to the SED upto the limit of the LWS spectrum. For Y > 5, the modelled flux again begins to exceed the observed LWS flux beyond 100 µm. The best fit models using r −3 power law and Y = 5 and 15 are shown in Fig. 7 . Table 5 ).
Additional constraints on the models
Recent HST images of I 19475 (Sahai et al. 2006 ) show a r −3 halo with an inner radius of ∼ 1.5
′′ ; the surface-brightness limited value of the outer radius is ∼ 5 ′′ . For our assumed distance (4.9 kpc), these values correspond to R in = 1.1 × 10 17 cm and R out = 3.6 × 10 17 cm, which are in good agreement with our model values -e.g., in Model 7, R in = 8.8 × 10
16 cm and R out = 4.4 × 10 17 cm.
Additional constraints on our model are provided by the observed flux of I 19475 at sub-mm wavelengths. Gledhill et al. (2002) measured a flux density of 34±5.4 mJy at 850 µm using a beamwidth of 13 ′′ . The wide-band filter used by Gledhill et al. (2002) includes the CO J=3-2 line in its range. However, we find, using formulae from Seaquist et al. (2004) for calculating the line contribution to the filter, and an estimate of the CO J=3-2 line flux from a multi-transition model fit to CO data on I 19475, that the line emission is not likely to contribute more than 20-30% of the observed flux (Sahai et al. 2006) . Hence the sub-mm flux of I 19475 is 20 mJy. For our best-fit model (Model 7 with r −3 power law and Y=5) we integrated the model surface brightness distribution (in Jy arcsec −2 ) at 850 µm output by DUSTY, using a 13 ′′ diameter aperture to obtain the 850 µm model flux density. DUSTY outputs the surface brightness distribution as a function of normalized (in units of R in ) radial distance from the central source. The radial distances were converted into angular radii (θ) using our adopted distance of 4.9 kpc to the source. Thus Y=5 corresponds to a shell size of 12 ′′ , for which we find a 850 µm flux density of 10 mJy, significantly lower than the observed value. We discuss the implications of this discrepancy for our modelling results in § 5. Table 5 ).
Dust shell mass
The mass in the circumstellar dust shell (M s ) was computed for each of the models (Table 5) . For an r −3 power law dust density law,
where, R in is the inner radius of the dust shell (Table 5) , Y is the relative shell thickness (R out /R in ), τ 100 is the shell optical depth at 100 µm, κ 100 is the dust mass absorption coefficient at 100 µm, and δ is the gas-to-dust ratio. When the density distribution follows a r −2 power law,
For the models with an r −3 inner shell, and an r −2 outer shell (see § 5),
where g(Y1,Y2)=(1-1/Y1 2 )/2 + (1-Y1/Y2)/Y1 2 , and Y1 and Y2 are the relative shell thicknesses of the inner and outer shell, respectively. The value of the dust mass absorption coefficient κ at far-infrared wavelength is poorly known (e.g. Jura 1986). We use κ 100 = 34 cm 2 gm −1 , appropriate for the silicate dust used in our models (e.g. tabulated values by Ossenkopf at http://hera.ph1.uni-koeln.de/∼ossk/Jena/tables.html), and δ=200 (a typical value for the ejecta from AGB stars) to derive a shell mass of 1 M ⊙ for our best-fit model (shell masses for this model and others are given in Table 5 ). The corresponding mass-loss rate is 3.4×10 −4 M ⊙ yr −1 (6.7×10 −5 M ⊙ yr −1 ) at the inner (outer) radius of the shell, assuming a constant expansion velocity of 16 km s −1 based on CO line observations (Sahai et al. 2006) .
Our derived shell mass should really be considered a lower limit because the model SED is not very sensitive to cooler dust at large radii. This is demonstrated by the fact that the quality of the fits to the SED from the additional models with much larger outer radii compared to Model 7 (listed in Table 5 ), although poorer than the latter, is not drastically worse.
Discussion
Our model fits to the SED of I 19475 covering the optical to the far-infrared wavelength range are reasonably satisfactory. The radial density distribution and physical size of the dust shell are also in reasonable agreement with the imaging data from HST. Since modelling of CO J=4-3 and J=2-1 line emission from I 19475 also suggests a r −3 radial-density shell (Hrivnak & Bieging 2005) , the r −3 density law for I 19475's dusty, molecular envelope has strong support. The exponent of the density law characterising the ambient circumstellar medium has important implications for the primary process which results in the observed shapes of PPNs and PNs (Sahai & Trauger 1998 ) -namely, the interaction of fast collimated post-AGB wind with this medium. For example, the forward shock produced by a fast wind expanding into an r −2 medium moves at constant velocity, but in an r −3 medium, the shock accelerates and is thus subject to Rayleigh-Taylor instabilities. Thus, the dynamical age and the morphology of the lobes in PPNs and PNs are expected to be closely related to the steepness of the radial density power-law distribution.
We note however that there is a caveat to the agreement in the density law exponent between our dust model and the CO models -the latter give a mass-loss rate of 5.2×10
−5 M ⊙ yr −1 at an inner radius R in = 3.9 × 10 16 cm based on (unpublished) mid-infrared imaging data, which is significantly lower than our estimate at an even larger value of R in . Since the CO models for inferring the mass-loss rate depend on a number of poorly-known quantities such as the radial kinetic temperature distribution, the inner and outer radius of the CO envelope, and the fractional CO abundance, we believe that our modelling of the dust emission provide an independent and probably more robust estimate of the shell mass and mass-loss rate.
The discrepancy between the observed and model sub-mm flux is intriguing, suggesting that there are either (1) significant quantities of cooler grains in I 19475 than included in our model, and/or (2) the dust emissivity at sub-millimeter wavelengths is significantly larger than the value computed by DUSTY for our assumed grain type and size range. Because the sub-mm observations are rather insensitive to emission at radii beyond the half-power point of their 13 ′′ beam, extending our 12 ′′ diameter shell to larger sizes does not significantly enhance the model 850µm flux, and so does not help in resolving the problem of the sub-mm excess. We find this expectation is supported from the results of new models in which we have added an r −2 envelope surrounding the r −3 density distribution in Model 7. We do not find any significant increase in the sub-mm wave flux density for models with relative thicknesses of 15 and 30 for the outer shell (Fig. 8) ; moreover, in these cases the far-infrared modelled flux begins to exceed the observed flux.
It is rather unlikely that the excess sub-mm flux can be explained by the presence of small grains at radii inside of the half-power point of the millimeter-wave beam, which are sufficiently cool (i.e., for providing the excess observed submillimeter-wave flux) because they are located in regions shielded from the direct stellar radiation. Such regions with significantly higher-than-average extinction could plausibly exist in a 3-D physical model of I 19475. However, the fundamental difficulty with such a hypothesis is that, since small grains are such poor emitters at sub-millimeter wavelengths, a very large mass of these grains is required to produce the observed submillimeter emission -and such a mass contributes substantially at far-infrared wavelengths (i.e., ∼100 µm) for which the warm, small grains in our model already produce adequate emission. For example, 0.01(20 K/T d )M ⊙ of cold dust at temperature T d would be needed to produce the "excess" 850 µm flux of 20 mJy, assuming κ 850 ∼3 cm 2 gm −1 (appropriate for small grains; Jura, Webb & Kahane 2001), but this dust contributes far too much emission at far-infrared wavelengths (e.g. ∼20 Jy at 100µm) to be consistent with the data.
Although the nebula clearly has non-spherical components, simply incorporating these by using a 3-D model, but without the addition of large, cooler, dust grains, will not help resolve the problem of the sub-mm excess. We conclude that it is likely that there are much larger dust grains present within our model dust shell which are not accounted for by our adopted dust grain distribution (which follows the standard MRN prescription). Multiwavelength observations of I 19475's continuum flux at radio, millimeter and sub-millimeter wavelengths will be needed in order to probe the mass and sizes of these grains, and justify further quantitative modelling with modified dust grain properties. High spatial resolution submillimeter-wave interferometric observations with a facility like the Submillimeter Array could help us identify the location of these large, cool grains. One possibility is that the cool grains are associated with the more compact (∼5 ′′ ) lobe-pair of this quadrupolar nebula as seen in the HST image (Sahai 2004 , Fig. 1 ). Gledhill et al. (2002) analysed their 850µm data of I 19475 (and other sources), together with the 100µ flux, assuming a fixed dust temperature of 120 K. Although their data provide a potentially important constraint for determining the dust content and mass in PPNs, their analysis and its results (dust mass, dust emissivity power-law index) are most likely invalid because we find from our modelling that the dust temperatures are much lower, and cover a large range (46-94 K). Gledhill et al.'s derived dust mass, scaled to our adopted distance and multiplied by our adopted gas-to-dust ratio, is 0.7M ⊙ -that this number is not too different from our estimate of 1M ⊙ , is purely coincidental. Our modelling underscores the importance of first determining the mass and temperature distribution of dust in PPNs carefully by fitting their full near-to-far infrared SEDs, before inferring dust masses from longer-wavelength data.
There are two other wavelength regions where the modelled flux is discrepant from the data. First, in the ∼ (7 − 11)µm range, the model flux is lower than the observed PHT-S data. In this wavelength region, the SED is at a minimum because both the stellar and the dust shell contributions are rapidly declining at wavelengths approaching this region. It is likely that the observed excess flux in this region results from the presence of a small amount of warm dust (i.e. at temperatures larger than those in our model dust shell -e.g, 94-46 K in the best-fit model), and thus at radii smaller than the inner radius of the cool dust shell. Second, in the ∼ (27 − 42)µm range, the model flux is larger than observed, suggesting a small excess of dust in our model shell at some intermediate temperature range within the full range of temperatures in our model shell. As we have discussed in Sec. 3.1, we believe that amorphous water-ice is not a significant contributor in this region and therefore it is unlikely to help in removing this discrepancy. Both discrepancies are probably best addressed by going to a 2-D model of the object.
Modelling Uncertainties
¿From the off-source LWS spectrum (Fig. 2b) , it is obvious that there is an increasing and substantial amount of background contribution to the LWS source data (Fig. 2a) beyond 90 µm. Although considerable care was taken in subtracting the background spectrum from the source spectrum (Fig. 2c) , this remains a possible source of uncertainty in our modelling -however, we do not think it affects our major conclusions. The need to adopt an r −3 (rather than a r −2 ) density law is driven by a systematic excess in the model flux above the observed flux over a large wavelength range, i.e. for all wavelengths longwards of ∼70 µm ( §4.4.2). This excess cannot be purely a result of the uncertainty in the background correction, since the total background correction upto 90 µm is less than ∼10%, with the uncertainty in the correction being significantly smaller. The submillimeter excess which we find in I 19475 is also too large to be accounted for by uncertainties in the LWS background subtraction.
We would like to point out that in this paper, the emphasis in the fitting procedure is not on the details of the mineralogy of the dust, but rather on the bulk dust component which is comprised of amorphous silicates. Given that we do not have a convincing detection of water-ice in the dust in I 19475, a detailed investigation of models with amorphous water-ice (e.g., its affect on the observed 43 µm emission feature and the overall spectral shape) does not appear warranted.
Conclusions
We have reconstructed the spectral energy distribution of the pre-planetary nebula IRAS 19475+3119, from the optical to the far-infrared, using ISO spectra and broad-band photometric data. Features at 33.6 µm, 43 µm,, and possibly at 23 µm, identified in the ISO SWS spectrum of the star, are most likely due to the presence of crystalline silicates.
The circumstellar dust envelope of the star was modelled using the 1-D radiative transfer code, DUSTY. We find that the dust shell has a very substantial mass, of 1M ⊙ , in all models which provide a reasonable fit to the data. Our best fit is obtained for a shell with an r −3 radial density, inner and outer radii of 8.8×10 16 and 4.4 ×10 17 cm, dust temperatures ranging from about 94 K to 46 K, and τ (0.55 µm)=1. The mass of this shell is 1 [34 cm
is the 100µm dust mass absorption coefficient (per unit dust mass), and δ is the gas-to-dust ratio.
In agreement with results from optical imaging and millimeter-wave observations of CO emission, our model fits support an r −3 density law for I 19475's dust shell. The exponent of the density law characterising the ambient circumstellar medium has important implications for the interaction process between the fast collimated post-AGB winds and the dense AGB envelopes which results in the observed shapes of PPNs and PNs.
Our models show some discrepancies with the data. The most significant of these is that the observed JCMT flux at sub-millimeter wavelengths (850µm) is a factor ∼2 larger than the model flux, suggesting the presence of dust grains in the dust shell of I 19475 which are significantly larger than those accounted for by our adopted model dust grain distribution.
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A. Data reduction
Offline processed SWS (OLP version 10.1), LWS (OLP version 10.0) and PHT-S (OLP version 10.0) data were retrieved from the ISO data archive. The SWS and LWS observations were further processed using ISAP (ISO Spectroscopic Analysis Package) version 2.1.
A.1. SWS
The data analysis using ISAP consisted of extensive bad data removal primarily to minimize the effect of cosmic ray hits. All detectors were compared to identify possible features. For each sub-band, 'offset' shifts were applied to bring the flux level of the 12 detectors to a mean value (Sturm 2000) . The spectra of the 12 detectors were then averaged using median clipping to discard points that lay more than 2.5σ from the median flux. The averaging was done to a resolution of 300 and 1500 for SWS01 data taken with speed 1 and 4 respectively ( Table 1 ). The data of sub-band 3E(27.5−29.0 µm) are generally noisy and unreliable (see e.g. Hrivnak et al. 2000; Hony et al. 2002) . Our SWS data, below band 3A (16.5 µm) is very noisy. This is also evident from the low IRAS flux at 12 µm (0.54 Jy). The averaged spectra of sub-band 3D (19.5−27.5 µm) were scaled in order to match the flux at 25 µm with the observed IRAS flux at this wavelength. Appropriate scaling factors were then applied to the remaining sub-bands in order to form a continuous spectrum from 2.38−45.2 µm.
A.2. LWS
Reduction of the LWS on and off-source observations consisted of extensive bad data removal using ISAP and rebinning on a fixed resolution grid of λ/∆λ = 250. In the case of the on-source data, for each detector, we examined the OLP dark current estimates made before (Dark 0) and after (Dark 1) the observation using LWS Interactive Analysis (LIA) version 10.2. To form a continuous spectrum from 43−197 µm, using ISAP SHIFT routine, we applied a 'DC offset' shift to the detectors which showed different Dark 0 and Dark 1 values. Dark current measurements of detectors LW3 (123−152 µm), LW4 (142−171 µm) and LW5 (161−197 µm) showed a decreasing temporal shift. Hence a 'gain' correction was applied to these 3 detectors using the ISAP SHIFT routine (Molinari) to match the flux in the overlapping spectral regions between the detectors.
The background spectrum was rebinned to the same wavelength scale as the source spectrum. It was assumed that the [C II] emission at 158 µm in the on-source spectrum is entirely interstellar in origin. The background spectrum was therefore scaled in the region of the [C II] line (LW4 detector) to match the line strength in the on and off-source data. Then, using the LW4 detector as a reference the remaining detectors were scaled to form a continuous off-source spectrum (Fig. 2b) . Subsequently, the LWS spectrum of I 19475 (Fig. 2c) was obtained by subtracting the off-source spectrum (Fig. 2b) from the on-source data (Fig. 2a) .
A.3. PHT-S
The fully processed PHT-S data of I 19475 retrieved from the ISO data archive is scientifically validated and was used directly (i.e. with no further processing). The typical calibration accuracy for PHT-S observations made in staring, extended source mode is better than ±15% (Klaas et al., 2002) . The PHT-S data, I λ (i) in units of surface brightness (W m −2 µm −1 sr −1 ) obtained from the archive was converted to flux density, F λ (i) units (W m −2 µm −1 ) using the receipe given in Laureijs et al. (2003) :
where,
• I λ (i) in W m −2 µm −1 sr −1 is the surface brightness for a given detector array element i;
• λ(i) in µm is the central wavelength of a PHT-S detector pixel; (Table 6) were obtained from the PSPECAL.FITS file which is part of the general calibration files (Cal-G) distributed with the ISOPHOT Interactive Analysis (PIA), version 10.0. 
